Abstract -Rearing honey bee, Apis mellifera L., larvae in vitro is a popular risk assessment tool because many uncontrollable factors (e.g., weather conditions, food availability) that bias field studies can be eliminated in the laboratory. However, modern in vitro rearing techniques suffer variable survival rates and OECD guidelines specify a minimum of 70% survival to adult emergence in the untreated negative controls for the test to be considered valid. We hypothesized that the colony from which larvae are sourced for in vitro-rearing risk assessments may affect the survival percentage of those larvae in vitro. To test this hypothesis, we compared the survival rates of brood reared in vitro to that of brood reared by their parental colony to determine if source colony affects brood survival in vitro. Colony-reared and in vitro-reared brood survival percentages were calculated for each of the 14 colonies. There was not a statistically detectable difference in the survival percentage to adult emergence of colony-reared and in vitroreared bees. Furthermore, the colony-reared brood survival percentage at day 11 (prepupal stage) was predictive of the survival percentage to adult emergence of in vitro-reared bees. We suggest that the 11-day brood survival percentage should be used when selecting suitable colonies for use as source colonies for in vitro-rearing risk assessments. Based on our results, colonies with brood survival percentages of ≥ 80% are suitable colonies from which to source larvae for in vitro-rearing risk assessments.
INTRODUCTION
Increased honey bee colony losses (Neumann and Carreck 2010) and dramatic pollinator decline (Lebuhn et al. 2013 ) are occurring internationally. Parasites, pathogens, poor nutrition, queen quality, and pesticides are considered significant colony stressors and likely contributing causes to colony losses. A substantial amount of research has focused on determining the extent to which these stressors affect honey bee health (Chauzat et al. 2006; Higes et al. 2008; Le Conte et al. 2010; Mullin et al. 2010; vanEngelsdorp et al. 2010; Martin et al. 2012; Steinhauer et al. 2014) .
Pesticides and pathogens generally are regarded as primary factors affecting honey bee colony health (Neumann and Carreck 2010; Mullin et al. 2010; Medrzycki et al. 2013 ). Standard methods for investigating pesticide and pathogen effects on adult honey bees at the field and laboratory level have been well-vetted (Alix et al. 2010; Medrzycki et al. 2013) , though potential effects of pesticides on developmental stages often are overlooked. Some field evaluations do include parameters such as total brood area (Delaplane et al. 2013 ). However, experiments conducted within a honey bee colony are biased by many uncontrolled factors such as resource availability, season, climate, and colony genetics (Hendriksma et al. 2011) . Much of this bias can be overcome using in vitro rearing techniques for honey bees (Hendriksma et al. 2011; Crailsheim et al. 2013) . Furthermore, in vitro rearing is useful when studying honey bee development and caste differentiation (Woyke 1963; Rembold and Lackner 1981; Asencot and Lensky 1984; Brouwers 1984; Crailsheim et al. 2013; Buttstedt et al. 2016) .
Rudimentary in vitro rearing techniques were first used to study caste differentiation in honey bees in 1933 . In 1981, an in vitro rearing protocol was suggested as a potential risk assessment tool that could be used to test the toxicity of pesticides to worker bee larvae (Wittmann and Engels 1981) . However, early in vitro rearing techniques were plagued by poor survival of grafted larvae to adult emergence and inconsistent caste determination of the emerging adults. Since that time, several in vitro rearing protocols that offer acceptable survival success have been developed (Vandenberg and Shimanuki 1987; Peng et al. 1992; Aupinel et al. 2005; Crailsheim et al. 2013) . Recently, Schmehl et al. (2016) improved upon these protocols, consistently achieving adult emergence rates well above the OECD minimum of > 70% survival (OECD 2015) .
Despite improved in vitro rearing protocols, variability in survival success continues to be reported within and between laboratories (Aupinel et al. 2010) . Larvae that are grafted for in vitro risk assessments often come from a small number of source colonies (i.e., three or fewer colonies). Furthermore, the same source colonies are not always used between replicates or experiments over time. We suspected that the source colony from which one-day-old larvae are collected influences the survival percentages seen in experiments conducting in vitro rearing. To test this prediction, we designed a study to evaluate the survival rates of larvae from numerous source colonies in two rearing environments: their parental hive and in vitro.
MATERIALS AND METHODS
In June-July (summer) of 2015, SeptemberOctober (fall) 2015, and April-May (spring) of 2016, the survival rates of larvae reared in their parental hives were calculated and compared to the survival rates of larvae from the same parental hives reared in vitro. All colonies were housed in the University of Florida apiary in Gainesville, Florida (29°37′38.81″N, 82°21′23.16 ″ W). Each colony was headed by a European-derived queen (Sheppard 1989) . All hives were composed of a single, 10-frame Langstroth hive body, and managed according to regional best management practices throughout the duration of the study (FDACS 2013) . Colonies were fed 50% weight:volume sucrose solution prior to and throughout each trial period as nectar is not plentiful in the area. No protein supplementation was provided.
Brood isolation
To initiate a trial, a queen was confined to a patch of empty brood comb (patch A) as described by Schmehl et al. (2016) . Twenty-four hours later (D1), the queen was relocated to a new frame and confined to another patch of empty brood comb (patch B) for an additional 24 h. After the second confinement, the queen was released back into the hive and the confinement cages replaced onto both brood patches to ensure that no additional eggs were laid in those areas. For each colony, brood patch A was randomly assigned to either the colony-reared or in vitro-reared groups. Brood patch B was assigned the opposite rearing environment (e.g., if brood patch A was designated colony-reared, then brood patch B was assigned in vitro-reared and vice versa).
Colony rearing assay
On D4, the confinement cage was removed and a piece of clear acetate (21.59 cm × 28 cm) was overlaid on the brood patch (Human et al. 2013) . A section of brood from within the patch was outlined and empty cells were denoted on the acetate sheet. The total number of cells that contained larvae was determined, the acetate sheet removed, and the frame returned to the parental hive. Prepupal survival was assessed on D11 by replacing the acetate sheet over the section of brood that was profiled on D4 and noting any cells that had previously contained a larva, but were then empty. The number of cells that still contained viable brood was determined, the acetate sheet removed, and the frame returned to the parental hive. On D18, the frame containing the brood patch was collected from the hive and transported to the laboratory. The acetate sheet was again overlaid on the same section of brood that was profiled on D4 and 11 and any cells that had previously contained brood, but were now empty, were noted. Screen push-in cages were then placed over the brood patch and the frame placed in an incubator maintained at 35°C and5 0% R.H. for 3 days (Human et al. 2013 ). On D21, the frame was removed from the incubator, the push-in cage removed from the frame, and the total number of cells from which bees had emerged counted. Any cells from which bees had not emerged were opened manually to confirm that the individual inside was not viable. In total, brood survival percentages were calculated at D11 for 25 colonies and at adult emergence for 14 colonies. All survival percentages were calculated based on the number of individuals alive on D4.
In vitro rearing assay
In vitro larval rearing was performed as described by Schmehl et al. (2016) . In short, frames containing a patch of 1-day-old larvae were collected from the colony on D4 and transported to the laboratory. The larvae were transferred from the comb to prepared sterile tissue culture plates containing 20 μl of artificial diet and maintained in an incubator at 35°C and~94% R.H. Each larva was fed 20, 30, 40, and 50 μl of artificial diet on D6, 7, 8, and 9, respectively. The larvae were then transferred to another prepared sterile tissue culture plate for pupation once they had consumed all of the diet (between D10 and D12). The pupation plates were incubated at 35°C and~75% R.H. Each larva was visually inspected every day. Any dead individuals were immediately removed from the plate at each inspection and the total number of surviving individuals recorded. Adults were counted and removed from the pupation plate as they emerged (D21-D23). In vitro rearing survival percentages were calculated at D11 and at adult emergence for 25 colonies. All survival percentages were calculated based on the number of individuals alive on D4 (i.e., the number of grafted individuals).
Statistical analysis
Survival percentages were analyzed using generalized linear mixed models methodology as implemented in SAS PROC GLIMMIX (SAS/STAT 14.1; SAS Institute, Cary, NC) using the binomial distribution function with the default logit link function. Rearing environment (colony, in vitro), time (D11, adult emergence), and the interaction between the two were considered fixed effects. Experimental repeat, colony (experimental repeat), and the interaction of treatment with colony (experimental repeat) were considered random effects, the latter serving as the proper error term to test treatment. The residual covariance structure was modeled using various structures but none were able to improve the generalized chi-square/ df ratio fit statistics of 0.92. This indicates a good fit of the random model and no indication of overdispersion. Interaction means were generated using the LSMEANS command in the abovementioned PROC and pairwise contrasts performed. Means and standard errors were back-transformed using the ilink option of the LSMEANS command. Final survival data were regressed on initial survival proportion (D11) within a generalized linear mixed models environment. Predicted mean survival values were generated and plotted against initial survival.
RESULTS
Percent survival means, standard error, and N (number of parental colonies) were as follows: 89% (± 2.5, N = 25) to D11 in the parental hive, 84.9% (± 3.4, N = 14) to adult emergence in the parental hive, 93% (± 1.8, N = 25) to D11 in vitro, and 84.9% (± 3.3, N = 25) to adult emergence in vitro. There was a statistically detectable difference between rearing environments (in vitro or colony) for survival percentage based on the time point (D11 or adult emergence) (F = 8.5, df = 85, p = 0.004). There was a statistically detectable decrease in mean survival percentage from D11 to adult emergence for brood reared within both rearing environments (colony: p = 0.002, in vitro: p > 0.001). Furthermore, survival to D11 was significantly higher for brood reared in vitro than in the parental hive (p = 0.013). However, there was not a statistically detectable difference between in vitro and colony survival percentages at adult emergence (p = 0.996; Table I ).
Day 11 colony survival percentage is predictive of adult emergence percentage within both rearing environments (Figure 1 ). The plots of adult emergence survival percentage by day 11 survival percentage for both colony-reared and in vitro-reared bees have the same slope (5.1 ± 0.6, 95% CI (3.9, 6.4), p < 0.001). The intercept of the colonyreared day 11 and adult emergence survival percentage relationship is − 2.8 ± 0.5 (95% CI (− 3.9, − 1.7), p < 0.001), and the intercept of the in vitroreared day 11 and adult emergence survival percentage relationship is − 3 ± 0.5 (95% CI (− 4.2, − 1.9), p < 0.001). Furthermore, colony survival to day 11 is predictive of the in vitro adult emergence rate (slope = 3.3 ± 0.7, 95% CI (1.9, 4.7), p < 0.001; intercept = − 1.2 ± 0.6, 95% CI (− 2.4, 0), p = 0.048) (Figure 2 ).
DISCUSSION
Individual variation is well-documented throughout the natural world (Houle 1992; Lynch and Walsh 1997; Nettle 2006) . Furthermore, colony-level variation in honey bees for parameters such as adult behavior and morphology is also well-documented (Breed and Rogers 1991; Meixner et al. 2013; Pirk et al. 2013; Scheiner et al. 2013; De Souza et al. 2015) . Correspondingly, multiple source colonies are recommended for use in laboratory risk assessments to account for colony-level differences in stress responses (Alix et al. 2010; Crailsheim et al. 2013; OECD 2015) . While the effect of colony-level variation is recognized in the physiological response of bees to stressors such as pathogens and pesticides, the impact of colony-level variation on survival to adult emergence has been disregarded in in vitro rearing protocols. Moreover, colony-level variation in survival has been overlooked throughout the extensive effort to improve survival rates in in vitro rearing protocols (Peng and Jay 1977; Vandenberg and Shimanuki 1987; Aupinel et al. 2005; Silva et al. 2009; Crailsheim et al. 2013; Schmehl et al. 2016) .
The results of this study emphasize the relationship between the source colony's brood survival percentage and survival percentage of individuals grafted from that colony and reared in vitro. The underlying variation in colony brood survival percentage could limit our ability to detect subtle effects of focal stressors in critical risk assessments if survival data are being compared across multiple colonies without controlling for the colony's underlying brood survival percentage. Furthermore, the underlying variation in colony brood survival percentage may result in a sampling bias in the risk assessments that are published. Presently, if the in vitro survival percentage of the untreated control is below the OECD's threshold of 70% adult emergence, the results of that risk assessment are not considered to be valid and those data are not published Data are the rearing environment, the time point at which survival was assessed, the rearing environment by time point unique identifier, the mean ± SE survival percentage of each rearing environment by time point, an indication of which means are being compared, and the p value of each comparison (OECD 2015) . However, a low in vitro survival percentage may be a reflection of the source colony's brood survival percentage rather than a flaw in the trial. To eliminate the ad hoc removal of trials that did not meet the minimum survival threshold from analysis under the current OECD standards for in vitro rearing tests, we recommend any potential source colonies to be prescreened to determine if they will be suitable or undesirable for inclusion in experiments involving in vitro rearing. One method by which prescreening could be accomplished is to graft larvae from each colony and rear them in vitro. At adult emergence, the survival rate for each colony can be calculated and only colonies that score at or above the OECD guideline of 70% adult emergence in untreated controls (OECD 2015) would be selected for use in future studies during that season. 
Colony brood survival predicts in vitro survival
Our data demonstrate that there is a predictive relationship between the day 11 survival percentages of colony-reared individuals to the adult emergence survival percentage of bees in vitroreared from that parental colony. Day 11 survival assessments for potential source colonies are simple, low-cost, and require very little time compared to rearing larvae from multiple colonies to identify colonies with high in vitro emergence rates (Human et al. 2013; Schmehl et al. 2016) .
The predicted in vitro adult emergence rate of individuals grafted from a source colony that has 80% day 11 brood survival is also 80% with a 90% confidence interval of 71%-88%. Therefore, colonies that have day 11 survival percentages of ≥ 80% are recommended as source colonies for in vitro rearing under the current OECD standards because they are most likely to foster in vitro survival percentages that met or exceed the requirements of at least 70% survival to adult emergence (OECD 2015) .
I n a d d i t i o n t o t h e e a s e a n d c o s teffectiveness of assessing day 11 brood survival in the colony, we highlight that brood survival in the colony at day 11 is a more accurate indicator of adult emergence rates than the day 11 brood survival in vitro. At day 11, brood survival was significantly higher in vitro than in the parental colony. However, there was no difference in adult survival between bees reared in the colony or in vitro. This is primarily due to a window of mortality that occurs during the in vitro process between the pupal transfer and pupation stages. We suspect this discrepancy occurs because nurse bees detect and abort larvae that are subtly abnormal in the colony (Spivak and Gilliam 1998; Ibrahim and Spivak 2006) , whereas larvae reared in vitro are maintained until they fail to pupate or die during or soon after pupation.
The correlation between parental colony and in vitro survival rates suggests that genetics and/or maternal effects (Al-Lawati and Bienefeld 2009) may play a role in brood survival. However, larvae that are reared in vitro are removed from their colony within 24 h of hatching from their eggs. Therefore, environmental influences (e.g., pathogens) have the potential to affect eggs or larvae that are less than one-day-old prior to transfer into an in vitro-rearing trial. Considering that genetic/ maternal factors likely play a role in in vitro survival rates, care should be taken throughout the research season to ensure that source colonies do not replace their queen via swarming, supersedure, or beekeeper requeening. If a requeening event does occur, the survival rate should be reassessed for that colony before using that queenline in an in vitro rearing experiment. The results of this study emphasize the impact that source colony has on the in vitro survival percentage. We highlight that ad hoc removal of trials that have < 70% survival to adult emergence can be avoided by identifying source colonies that will have acceptable in vitro survival based on a simple and cost-effective strategy that assesses the survival percentage of the brood in the hive to day 11. Incorporation of source colony brood survival percentages into the analysis of risk assessments might increase the robustness of our evaluations of environmental risks by offering a more refined understanding of the change in survival caused by the experimental risk factor. Further investigations are needed to determine if and/or for how long individual colonies maintain their respective brood survival percentages over time within a season and/or across multiple seasons.
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